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We create a transient Bragg grating in a high harmonic generation (HHG) medium
using two counterpropagating pulses. The Bragg grating disperses the harmonics in
angle and can diffract a large bandwidth with temporal resolution limited only by
the source size.

Production of high harmonics in a strong laser field is caused by atomic ionization followed
by laser-driven propagation and coherent electron-ion recombination [1–3]. In high harmonic
spectroscopy (HHS), one uses the harmonic amplitude and phase to gain information about
the electronic quantum state of the source molecules or atoms [4–6]. For example, HHS has
been utilized to demonstrate multiple orbital contributions to the harmonics [7–9]. The HHS
technique could be extended in principle to transient processes on photoexcited electronic
states that play a crucial role in photochemistry. However, such processes are weak-field
phenomena, which limits the overall excited state population and the HHS sensitivity to the
excitation.
Transient gratings are generally applied in the IR to UV range to increase the sensitivity
of measurements to the excited atomic/molecular states. Two excitation pulses, intersecting
under an angle α, create an excitation grating in the sample while a third (probe) pulse is
diffracted from the grating. The diffracted signal has high sensitivity to excited state dynamics [10, 11]. This technique has been successfully transferred to the high harmonic domain
[12, 13], using a very small angle α between the intersecting grating pulses. This resulted in
a spatially modulated HHG signal from the probe pulse. The sidebands showed increased
Work supported in part by US Department of Energy contract DE-AC02-76SF00515.
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excited state sensitivity and consisted of several harmonics, all spatially overlapped.
In this paper we present a different transient grating scheme in which the harmonics are
not only deflected into a sideband, but are also dispersed in angle within a diffraction order,
to enable HHS analysis. This is achieved by enlarging the angle α to 180◦ resulting in a
shorter grating period d, which disperses the harmonics to distinguishable angles without
an additional grating element. We have observed up to seven distinguishable harmonics at
their respective Bragg angles of the laser-induced transient grating. The diffracted harmonics
range from the 19th to the 31st of the fundamental 800 nm light, which corresponds to a
45% energy bandwidth.
Figure 1A shows the counterpropagating grating beams k1 and k2 (k1,2 = 2π/λ) that
create a standing wave with a period d = λ/2 and reciprocal lattice vector kG = 2π/d. A
probe pulse with wavelength λp and wave vector kp is focused in the grating and harmonics
of order n with wavelength λHH = λp /n are produced. Since we are operating in the
thick grating or Bragg regime [14], a strong diffraction of the harmonics is only observed
at their Bragg angle θB (1A). For λp = λ, i.e. grating and probe beam of equal color as
implemented in our experiment, the phase matching diagram in Fig. 1A indicates a Bragg
peak for harmonic n under the angle:
sinθB =

λHH
1
kG
=
=
2kHH
λp
n

(0.1)

The probe beam is focused into the interaction region so kp is distributed over a range of
angles, allowing Bragg diffraction of several harmonics at different angles. In order to resolve
diffracted harmonics, the divergence of a single harmonic Bragg peak must be smaller than
the separation of neighboring harmonic Bragg peaks.
Figure 1B shows the experimental setup. We divide 230 µJ pulses from an amplified
Ti:Sapph laser system (30 fs, 800 nm, 1 kHz rep. rate) into two grating beams and a probe
beam in the ratio 1:1:2. The pulses are focused onto a gas jet inside a vacuum chamber with
different confocal parameters resulting in intensities of 1×1014 W/cm2 and 3×1014 W/cm2
for the grating and probe beams respectively. The spatial and temporal overlap of all three
pulses is indicated by enhanced plasma generation in Ar gas. A movable detector arm with
Al filters for rejecting the fundamental probe wavelength is equipped with a cooled and
VUV sensitive CCD camera. The arm can be adjusted either to the angle of the unscattered
probe and its harmonics (zero order) or to the Bragg diffracted signal.
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When the three pulses are overlapped in time, we can optimize the diffraction of harmonic 21 by adjusting the incident angle of the probe pulse to 1/21 = 48 mrad. A maximum
diffraction efficiency above 10% is measured by comparing the intensities of the zero order
and the Bragg diffracted signal. Figure 2A shows the scattered Bragg peaks as a function
of angle with respect to the grating normal. Seven harmonics, corresponding to a 45%
bandwidth are distinguishable. Towards higher harmonics the modulation contrast vanishes. Superimposed on the peaks are the calculated Bragg angles for the harmonics using
Eq 0.1. This indicates that the peaks can be interpreted as dispersed harmonics. The single
adjustable parameter in this comparison is the zero on the horizontal scale of Fig. 2, which
cannot be measured with sufficiently high accuracy in the experiment. We shifted the zero
angle for best coincidence with the diffraction angles predicted by Eq. 0.1. The relative
angle is known accurately because it corresponds to the ratio of the relative displacement of
the CCD pixel to the distance of the detector - interaction region.
To show that the distinct peaks correspond to dispersed harmonics of different wavelengths, we performed a coherent diffraction experiment by translating a 50 µm slit through
the angular peaks in Fig. 2B and collecting the diffraction images on the same CCD camera. The widths of the central diffraction peaks, given as the circles in Fig. 2B, decrease as
we move the slit to smaller angles. This shows that the wavelength of the peaks becomes
shorter at smaller angles. A comparison of the measured diffraction width with the predicted
Fraunhofer width for each harmonic (solid square in Fig. 2B) shows good agreement, which
strongly supports our interpretation that the peaks are different dispersed harmonics. The
systematic differences between experiment and theory for the edges of the spectral region
result from the relatively broad linewidths of the harmonics and a background from the
scattered zero order.
Figure 3A illustrates the light induced grating mechanism, showing the intensity distribution in the focal region of the grating beams when overlapped with the probe beam. The two
counterpropagating grating beams form a standing wave. When the probe beam is added, it
is only along the nodes of this grating (x=±0.2,±0.6 µm in Fig. 3A) that a forward-traveling
wave exists with constant intensity along the propagation direction. At the antinodes, the
field superposition results in an egg crate-like intensity pattern with half wavelength periodicity (x=0,±0.4,±0.8 µm in Fig. 3A). Efficient high harmonic phase matching is only
achieved in regions of the grating where the intensity modulation along the propagation
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direction is small [15, 16], which means that no harmonics can build up along the grating
antinodes.
We have calculated the macroscopic harmonic signal from an argon gas jet in a transient
grating configuration similar to that of Fig. 3A, by periodically lowering the argon density
in the anti-nodes of the grating. We solve the coupled wave equation and time-dependent
Schrödinger equation, within the strong field approximation [17, 18], with one transverse
dimension to allow the description of the probe beam incident at a non-zero angle. With the
reduced dimensionality a Gaussian beam focuses more slowly. Thus, for best comparison
with the experimental setup, we choose a slightly smaller focal diameter (28 µm) and slightly
larger confocal parameter (2.6 mm). To achieve the same range of harmonics in the Bragg
peak, which is determined by the beam divergence, we choose a smaller incidence angle of
37 mrad. Figure 3B shows the far field spectral-angular distribution of harmonics generated
by a 30 fs, 2.3×1014 W/cm2 pulse. Figure 3C shows the spectrally integrated angular
distribution, which offers a more direct comparison to and shows good qualitative agreement
with the experimental result in Fig. 2A . It is clear from the calculation that the harmonics
are well resolved in angle and that the different peaks in the angular distribution can be
assigned to different harmonic orders. We find that the angular separation is directly related
to the spectral separation of the harmonics, so that shorter pulses or higher intensities can
lead to more angular blurring [19]. The angular distribution in the calculation is slightly
offset from the Bragg prediction (circles in B) and the offset increases with order. We
attribute this to a dipole phase matching effect which is likely exaggerated in one transverse
dimension. We will explore this further in a forthcoming publication.
Our results indicate that we have both temporal and spectral resolution from the Bragg
grating. The diffracted bandwidth is wide enough to identify the relatively sharp structural
minima from molecular electronic wavefunctions in HHS [20]. Apart from the use in HHS,
the high efficiency will also allow the scheme to be useful for switching the angle of an
HHG output within a short time interval. We thank J. P. Marangos and K. J. Schafer for
helpful and stimulating discussions. We thank the Department of Energy, Office of Basic
Energy Science for support through the Stanford PULSE Institute and the National Science
Foundation for support through grant PHY-0449235. L. S. S. acknowledges the support of
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FIG. 1: Experimental diagram showing the geometry of the Bragg scheme (A) and the apparatus
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FIG. 2: (A) Bragg order showing up to seven distinct peaks, which we interpret as distinct harmonics. (B) Widths of the slit diffraction pattern (black circles) of a different spectrum than shown
in A (blue) and predictions based on harmonic wavelength (red squares).
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FIG. 3: (A)Intensity distribution of the three pulse overlap. The grating beams propagate along
±x, and the probe beam hits the y-axis under the Bragg angle for harmonic 21.(B) Macroscopic
calculation of the far field harmonic yield vs angle and harmonic order, shown on a linear color
scale. The circles indicate the angles predicted by the Bragg law. (C) Spectrally integrated angular
distribution for all harmonics above the 19th (black line), to be compared directly with Fig. 2A. The
yield vs angle for individual harmonics is also shown (each integrated over twice the fundamental
frequency, different colors).

